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Abstract: [ Objective ]This study aimed to evaluate the effects of long-term straw and straw ash application on rice yield and soil
potassium (K) supply capacity. [ Method ] Based on a long-term field experiment initiated in 2010 in Jinxian, Jiangxi Province,
four treatments were established: no straw return and no fertilizer(CK), chemical fertilizer alone (NPK), full straw return
combined with chemical fertilizer (NPK+RS), and full straw ash return combined with chemical fertilizer (NPK+RA). Soil
samples(0-20 cm)were collected after the late rice harvest in 2023 to determine total K and different K fractions, K content at
different adsorption sites of clay minerals, K release kinetics, and quantity/intensity (Q/I) relationship, and rice yield was
analyzed accordingly. [ Result] Fertilization significantly increased rice yield and soil K content. Under equal NPK nutrient
inputs, NPK+RS and NPK+RA increased average annual yields of early rice by 5.22% and 3.53%, and late rice by 3.68% and
2.41%, respectively, compared with NPK. Water-soluble K showed little variation among fertilization treatments. Compared with
NPK, non-exchangeable K in NPK+RS and NPK+RA increased by 13.16% and 17.12%, respectively. NPK+RA significantly
enhanced exchangeable K, effective K, and total K by 5.41%, 2.87%, and 3.09%, respectively, and its exchangeable and effective
K contents were 7.88% and 4.99% higher than those under NPK+RS. Fertilization significantly increased K contents at clay
mineral adsorption sites. Compared with NPK, K contents at the mineral surface (p sites), edge (e sites), and interlayer (i sites)
increased by 45.07%, 10.09%, and 6.27%, respectively, under NPK+RS; the corresponding increases under NPK+RA were
49.46%, 16.97%, and 11.91%. During K release, no significant differences were observed among fertilization treatments in the
rapid-release stage. In the slow-release stage, compared with NPK, cumulative K release increased by 19.69% and 9.07%, and the
release rate increased by 19.66% and 9.09% under NPK+RS and NPK+RA, respectively, with NPK+RS showing significantly
higher values than NPK+RA. In addition, Q/I analysis indicated that both NPK+RS and NPK+RA optimized soil K supply
capacity and intensity more effectively than NPK. [ Conclusion ] Under equal NPK nutrient inputs, straw and straw ash return
combined with chemical fertilizer were superior to chemical fertilizer alone in improving rice yield and enhancing soil K supply
capacity. Considering the adverse environmental impacts of straw burning, direct straw return combined with chemical fertilizer
is recommended for preferential promotion.

Key words: Straw return; Rice yield; Potassium fractions and contents; Potassium adsorption sites; Release kinetics;
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1.1 R KR

K ARe A 2010 442, 7E 717G 4 kBt By
BRSS9 i it W A5, 28°20" 7.14"'N,
116°5'29.73"E ) FFJ& . 50 IX i@ M #viy 2 R
AR 17.5 CL AEBIRE /K& 1 600~ 1 800 mm.
Nl SR o AU EAREA i . =l (195 A T S =i
7 - 48 A SE Rt ERLAL b IR L AE AR A PP RGE S pH
548, HHLF 34.16 gkg ', %K 2.27 gkg ', AR
126.00 mg-kg ™', AR (P) 13.68 mgkg ', A
(K) 81.24 mgkg'. 2010—2016 4EFPAEAY F . MEAH
fn R 5 A Bl B A 996 AR FEA T025; 2017—2018
AERL MR AR S AR 286 FI H A 518;
2019—2023 44 | BRAR A4  H AL 286 FilZs

871,
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HEAT AR BRI E o

1.3.1 HEMFRES + 4 A o SR AL A A

http://pedologica.issas.ac.cn



6 1] JRIPHSEAE . RS R FLBE IR IA RS 7K R 7 et e+ IR AR ) (15 2015

F1 ZFRER. B BRIEAE

Table1 N, P,Os, and K,O nutrient input rates under different treatments

% N/ (kghm*) P,05/ (kghm™) K,0/ (kghm™)
Ab 7
Rice 1A FHFF FEFF IR A AT FEFF IR e & FEFF IR
Treatment
season Fertilizer Straw Straw ash  Fertilizer Straw Straw ash Fertilizer Straw Straw ash
SRy i CK 0 0 0 0 0 0 0 0
Early rice NPK 165 0 0 0 0 150 0 0
NPK+RS 120 45 0 10 0 40 110 0
NPK+RA 163 0 2 0 6 50 0 100
e A5 CK 0 0 0 0 0 0 0 0
Late rice NPK 195 0 0 87.75 0 0 175.5 0 0
NPK+RS 150 45 0 77.75 10 0 65.5 110 0
NPK+RA 193 0 2 81.75 0 6 75.5 0 100

W CK R, AHiAL; NPK FRHMILAL; NPK+RS FRM T4 B0 MEILAL ; NPKHRA FoRFEFT 28 e
Wb HEC AL AC . T R » Note: CK represents no straw return and no fertilizer; NPK represents chemical fertilizer alone; NPK+RS represents

full straw return combined with chemical fertilizer; NPK+RA represents full straw ash return combined with chemical fertilizer. The same

below.

il ARV LR B KR s sci A 1 mol- L
Hiik NH,OAC B4 B 58 #etE # 1 mol- L™ #4 HNO;
B, S 2 mol'L ' ¥ HNO; 242, Mt
JEF (FP6410, B, i ) e i2 F2 i h vk i
1.3.2 I3RS - Py W B A5 B FREC 2.00 g
CJESRAER BT m ) £FEF 50 mL 304 (Il HE
BT m ), FSAAPREE 3 KEK Wil iESR R
ARGy B & SALBR, HSEMA 20 mL (1) 2808
K, 4% (150 rmin”', 30 min ) FIEC (4 500 rmin ',
5 min )JF , R TEW , AR THIN A KR EC ey ),
Fie SR F R UEUS MBS O U (my )5 B JS 43 3 )
FRUtES A 20 mL (7,) 0.5 mol-L™! Fi44 CaCl,
W 20 mL ( 73) 1 mol-L™' fhif: NH,OAc A ,
BE FIRIRG . B0 JIEPER, AR HXT R
K W (cr, c3), [RIBFICSRF R UEWRUG 1808 i
i (my, ms)o HEEFER 1 mol- L' #4 HNO; 37
B, MERREER (0 w) M RIS H & AT
BOTEIE

0 x=cVi/m (1)
0= (erVo—c1AVy) /m (2)
Qe: ( c3Vi—c AV, ) /m ( 3 )

Qi:Q rﬁi*Q /k7Qp7Qe 4 )

ﬁqj, AV= (mrmo) /pl, AVy= (mz'mo) /Pz, P1 il
p2 53 IR ZEAE KA CaCl, Y T4 B ( p1=1.00 g'mL ',
p=1.02 gmL™"); O x. O, O Al Q43 MFERIKE
PEARLL R py e R A& 1, mgkg ',

1.3.3  TIEMBsh T FREL 2.00 g +HET
SomL B0, FAHRE 3 RELE. A
0.005 mol-L™' i 20 mL, 180 rmin' #&7% 30 min
JaT 25 C+l CE&MFEFEFE 1~1008h (#42d),
SRS 1, 8. 10, 32 /hEFAI2, 3. 4, 5. 7. 9,
11, 14, 18, 22, 26, 30, 34. 38. 42 KHIHEE,
F 6 000 r-min' B0 5 min J5id BE, A6
FENEM P K e RO S U R R By Sy 2 R (—
9801717 | Elovich , XU B 8 K W4y Hor #)
X - HEEBE I ] i R EURE I B A TG . A BALER
Sy vg (1 N

— %8 J12# 52 ( First-order equation ) :

y=ax (l-exp ™) (5)
Elovich /7 # ( Elovich equation ) :

y=a+bxln (x) (6)
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WUH BUGHE 7 #2 ( Two-constant rate equation ) :
y=ax'®’ (7)

¥y H7 #2( Parabolic diffusion equation )
y=a+bx ""?’ (8)

K, xo y A BIEARBOETE (h) AP EEURR i
(mgkg'); a. b AK TS E.

1.3.4 PR AREXR FREL 4.00 g K¢
(3 1 mm %) 74T 50 mL B0, &AM E 3
WHEE . 43 40 mL &R [AMEE KC1( 0. 0.05,
0.10, 0.50. 1.00. 1.50, 2.00 mmol-L™") FIAH R
J& CaCl, (0.01 molL™") MIIRAIF . #£4), 180
rmin ' #E% 4 h J5 T 25 C+1 CEMFF A 24 he
ks, MIE T (AAT7000, S5, HA) &
RS BEr P R EA (K )R 1 mol L
HiPE NH,OAc ISR P, 228035 A
mF:

AK=Cy—Cg (9)
AR=Cy/ ( Cc,+Cpg) ? (10)
Kx=K;— (-AKy) (11)
—~AG=RTInAR, (12)

X, AK KPR RO PR VR B 25, emol- L
AR HHIESFIERELL, (molL™') %5 Cyo fUFFA
AACh KAV EE , mmol'L™'; Cx. Ceav Cug 2331
NIRRT KL Ca®' Mg 9, mmol- L',
PL AR HREARAR, AK BRI Hh 2R, MR
A FE Rl ) AR PR TR R AT TR L, D AR,
(mol-L™")"2; 7 G\ Ak i M35 HE 5 P I B A 40
Bl-K,, emol'kg'; EZEARIRA PBCYF/R. Kx W%
PR AS4T, cmol-kg s K MIGHES, cmol kg '3 -AG
g KT Ca* +Mg* (g e E g, kI'mol™'; R NS
REH, Tmol "K's T HAXHEE, K.
14 HUEAE

R B e i  Excel 2021 47543, SPSS 26.0
PTG AT, R R/ B2 595 (LSD) K5
BAIETE P<0.05 K LAY 2 k25 57 o R4 K ml

LA 4 #1 B Origin 2024 52 %,
2 45 3R

21 BEHAREERKETEIIKEER TEH

EEENTIN

H 3% 2 AT, AR YT AR X KRR P R i
5 CK A, NPK. NPK+RS il NPK+RA Ab#ikL
W T AF 357 7 1 0 0l S 2 HE N T 96.08%~106.33% 1
60.37%~66.26% ( P<0.05 ). 7F% & Z Wi 3501
AT, 5 NPK # L, NPK+RS Fil NPK+RA 4b
PR MR AR e W R s, AR R A e
5.22%F1 3.53% ( P<0.05), MRFEHAIE 510 3.68%
Al 2.41% (P<0.05). ¥t 13 =R E, PR
P NPK+RS>NPK+RA>NPK>CK H#a#, AbJHja) 2%
S E (P<0.05); HEREIRIN: NPK+RS=NPK+
RA>NPK>CK. Zf 1, FEFF R b A I i H X
ESy R ER T s VAN SR S A N

*2 TREEBLEREFE=2

Table 2 Yield of double-cropping rice under different fertilization
treatments

GEES SRR
Qb3 FENaE s
Rice Annual average yield/
Treatment Total yield/ ( t-hm™?)
season (thm™)
iy CK 43.14+3.84d 3.32+0.68¢
Early rice NPK 84.67+2.68c¢ 6.51+0.75b
NPK+RS 89.04+2.46a 6.85+0.78a
NPK+RA 87.66+2.96b 6.74+0.83a
WA CK 63.92+3.68¢ 4.92+0.53¢
Late rice NPK 102.60+2.18b 7.89+0.71b
NPK+RS 106.35+3.28a 8.18+0.61a
NPK+RA 105.08+2.70a 8.08+0.73a

VE: BB S bR 1 A 6]/ 7 Rk 375 A R i A () Ak
A2 5% B & (P<0.05). T[A. Note: Different lowercase letters
following values within the same column indicate significant
differences among treatments within the same rice season( P<0.05 ).
The same below.

e 3 nlEn, A G AR e R e A
NPK. NPK+RS H1 NPK+RA Ab# 35 80 & i
CK 23 338 13.25% ., 14.83%F1 16.75% ( P<
0.05). AR TASMT, NPK+RA b3
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TR NPK B4 E 3.09%, 15 NPK+RS
WhEEE RN E ., SRS CK ¥WRERA T
TR . SRR A R R s S A
o SFEABE IR BRARM T, LB
SRR FEES; NPKHRA Ab B M 40 & f 4
NPK Fl NPK+RS #b #7354 5 5.41%F1 7.88%

(P<0.05), AR SRR 2.87%F 4.99%
( P<0.05 ). i WIS FFbe K< 9134 FH i A6 IE A R T
PR} TR 25 B . NPK+RA 5 NPK+RS AbHiESE
kg EILEEER, HYRERT NPK, i
3R 17.12%H01 13.16% ( P<0.05), i BIFSFF K I
8 IR AR I A HH A it A A AT A 54 T - S AR R g

3 FEBERALELIERESEEE

Table 3 Potassium fractions in soil under different fertilization treatments

- KL A AU AR 28
Water-soluble K/ Exchangeable K/ Effective K/ Non-exchangeable Total K/
Treatment
(mgkg!") (mgkg™) (mgkg") K/ (mgkg™) (gkg)
CK 8.33+£1.53b 31.67+0.58¢ 69.33+3.06¢ 375.84+18.03¢ 17.13+£0.12¢
NPK 23.33+0.58a 123.3340.58b 232.00+3.46b 479.40+23.14b 19.40+0.20b
NPK+RS 25.0042.00a 120.50+0.50b 227.33+3.06b 542.49+12.68a 19.67+0.31ab
NPK+RA 24.33+1.53a 130.00+3.46a 238.67+2.31a 561.46+7.06a 20.00+0.20a

HSRME T (3R 4) KW, KA 85 T 545
2L es qUIPERRTE 33 S TE FINN PSS C TN
WA 7 e S KR PR . S BT L A RO AR
e kB 2 Bk B T M B IE A OC K R
( P<0.01), H A7 85 B0 55 7K R 7 i (0 A S dw o o

ANRIIE A ZE, 28 5K . 383t 5 A
FRAR W IEAOG (P<0.05) 5 SRS etk
PR B IEA G (P<0.01) 5 JKIATER . TH
PEER . AT 50 R B R T 2 R Y R
IEM (P<0.01) .

x4 NERFERTERESHREAMERME

Table 4 Correlation analysis between double-cropping rice yield and different soil K fractions

4% Index R W R KPR SRR AR B[Sy QeI Bt
R 1
W R — 1
KA 0.987%* 0.991%* 1
S 0.985%* 0.985%* 0.961%* 1
AR 0.994%* 0.995%* 0.976** 0.994%* 1
RSk 0.919%* 0.919%* 0.902%* 0.883%* 0.904** 1
S 0.702* 0.688* 0.647* 0.689* 0.681% 0.835%* 1

R B RAE P<0.05 FI P<0.01 HERAKCE T, AHCHE L 8] 8 35 51 8 35 F2 4 . Note: * and ** represent statistical significance
at P<0.05 and P<0.01 levels, respectively. DEarly rice yield, @Late rice yield, @ Water-soluble K, @Exchangeable K, ®Effective K,

®Non-exchangeable K, @Total K.

2.2 FEFREBRKAIKHAE B X+ 55+ 4 R
AL SR B S
HIZE 5 AIAL, 250 B A &l BRI
AT UNECE VAN VAN 1)) [ uR T e A =1
MES R 5 CK AL, AL p. e F i fi

BRI A 37.86%~106.05% . 46.31%~
71.13%F1 49.30%~67.08%, 2253k i & K F
(P<0.05) . FRAMAFRISRALZMET, 5 NPK
AH L, NPK+RS 1 NPK+RA A FH ) p 407 4 & 5 35
SR 45.07%F1 49.46%; e oA WE S N
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Table 5 Potassium contents at different adsorption sites of soil clay
minerals under different fertilization treatments

A3
K/ (mgkg') K/ (mgkg') K/ (mgkg')
Treatment
CK 22.00£1.00c 49.67+1.15d 335.84+16.09¢
NPK 30.33+0.58b 72.67+3.06¢ 501.40+21.60b
NPK+RS 44.00+2.65a 80.00+1.73b 532.82+12.56a
NPK+RA 45.33+1.53a 85.00+1.00a 561.12+8.11a

e Ky KoK A p 2480, e (24T i 247, Note:
K,, K, and K; represent K adsorbed at p, e, and i sites, respectively.

10.09%%1 16.97%; i N8 & SRR 6.27%F1

11.91%, ZR3EE (P<0.05) . XK WAL GEY
R IR L R A A, (R AR
S, HhsR AL Sy, ERS A S B KA T it
B B RCR LT it A e o
2.3 FEFRELEKKIEEA T ERERMRIRN
RV ASFIAL B R A+ SRR A RO, A5
IV W0 o BHL 7R (1% 2y g 2 A R ) - S8 i s [ 7 R
S REDEAT LA A3 o 45 Ak B IO A5E TR (14 R SE AR B
(R*) 5 T4ruER (SE) WK 6. Frkfigln, U
WHGE RN R? CPIE RS, SE FIEEAR,
Ui B FE AR I 25 1T Hx - e R il AR B 015 3K
S

*6 AREIMERLELTIERENNNEFESH
Table 6 Kinetic parameters of soil potassium release equations under different fertilization treatments
: o CIPIE YL Elovich J5#& XU B AR T T WL O
o First-order equation Elovich equation Two-constant rate equation Parabolic diffusion equation
Treatment
R? SE R? SE R? SE R> SE
CK 0.666 10.20 0.827 7.35 0.978 2.64 0.994 1.37
NPK 0.831 6.63 0.976 2.48 0.996 1.02 0.974 2.58
NPK+RS 0.666 19.48 0.922 9.40 0.986 3.97 0.977 5.11
NPK+RA 0.541 17.58 0.900 8.20 0.974 4.19 0.980 3.68

TE: RAPERE, SE MIIATRMEDR. Note: R

B 1 R B BGH R R LA R RIS A T
T BER 2 . nTLAE Y, ARG R R B
W BeEERAE, Hih 0~120 h 2P Bl b BL
120~1 008 h ZZERETHT B . ] 7 A& Rk B
B EBUR B MBI Z, 5 CK AL, Ml
P& 5 P B B BRI PR IGE R A AU
PRI BRARIT, e B o B, it A Ak 3 A]
PP EBUR R MR CHR TE 35 22 5 MITEZR 18 R
WY B, NPK+RS HI NPK+RA b 340 2 BB i i 45
NPK 25130 19.69%F1 9.07% , B 2R 43 51l #2
H 19.66%F1 9.09%, 253 (P<0.05). Zil,
KMt AE AT B T i 3PP R A Rk, ELRS AR A
e A FH T AL A SR AR T Bt A e, IR AE B
P 1 G212 TR TS o B3 P B R A RN R BB R
24 TEFRELEKKETANTER Q1 XEM

A

AP IR Q1 CRMZ&WE 2 U, ¥
L EAR AR (AR IER 5 Soms AR BUZPERS 43 - 3% 8

is the coefficient of determination; SE is the standard error of estimate.

AR QI RS, KSR b T A
[Fl Ak H A S (LR RE T 10 22 5

PR B GHR R B
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=
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o
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-
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=
£
=
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Fig. 1 Kinetic curves of soil potassium release under different

fertilization treatments
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Table 7 Cumulative amount and rate of soil potassium release during different stages under different fertilization treatments

Qb PR A 2B Cumulative K release/ ( mgkg™) ARRGHE R K release rate/ (mg-d™)
Treatment Sy S, S S, S, S

CK 75.67+4.16b 123.00£5.00d 198.67+5.69¢ 15.13+0.83b 3.32+0.14d 4.73+0.14¢

NPK 215.00+10.54a 150.67+1.53¢ 365.67+11.02b 43.00+2.11a 4.07+0.04¢ 8.71+£0.26b
NPK+RS 218.33+6.66a 180.33+3.51a 398.67+3.21a 43.67+1.33a 4.87+0.09a 9.49+0.08a
NPK+RA 224.00+2.00a 164.33+4.16b 388.33+3.06a 44.80+0.40a 4.44+0.11b 9.25+0.07a

o Siv Soy SABIRRPGEBIN B . S8 BN BRI AR B . Note: Sy, S, and S represent the rapid-release stage,

the slow-release stage, and the entire release stage, respectively.

1.0 1.0-
a)CK b) NPK
0.8 3=65.85x-0.063 8 081 1=69.06x—0.147 4
R=0.999 3 g R*=0.998 8
2 0.6f 0.6}
en
=
g 04 0.4f
S
2
< 02f 02}

0.0F &~ 0.0} eé/
__02 1 1 1 1 1 ] — 1 1 1 1 1 ]
0.000  0.003 0.006 0.009 0.012 0015 0.000  0.003 0.006 0.009 0.012 0.015
AR/(mol-L™)" AR/(mol-L™)"
1.0f 1.0-
¢) NPK+RS d) NPK+RA
0.8  1=66.21x—0.180 0 08F  1=66.12x-0.183 5
R=0.985 7 R*=0.994 6
0.6 0.6}
o
~
g 04} 0.4}
S
2
< 0.2f 0.2}
0.0r 0.0F
702 —0. 1 1 1 1 1 |
0.000 0.003 0.006 0009 0012 0015

0.000 0.003 0.006 0.009 0.012 0015
AR/(mol-L )" AR/(mol-L™)"?

H: AK F R T TS VR B S TR MR B 2% AR RN B S T3 B LY . Note: AK represents the difference in potassium concentration

in the solution before and after equilibrium, and AR represents the potassium activity ratio.

B2 AREA A 2R A AP 3 A A (Q/) SE ARk

Fig.2 Soil potassium quantity/intensity ( Q/I ) relationship curves under different fertilization treatments

AR, A& R EFOTHE B L, v E R R 1 30.52% , BEWAFREHF B H B KA 0134 B e A 808 i
MRS E . R 8 NI, AR T AR,, Hp TR EEEEEE (K) RBCEERRES
NPK+RS Fl NPK+RA b FICR T 2%, 8 CK 7l F RIEEAH SR Z 6] KT Ac 4, AR L Pt
FEE 180.41%F1 186.60%; 5 NPK /-5l 51 27.70% S8 (-AK,) FILMHERHSH (Kx) HFELI8, 0T
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=

ik HHEGLAI A . 5 CK M, 56 Ak Bk
TREE = T -AKy I Kx fH; SFEABEMN RS RASR
7, NPK+RS 4b#-AK, {H#E 25 T NPK, Kx {H B
it F NPK, NPK+RA AbH-AK, il Kx $ NPK 43l
FER 20.00%F1 4.55% 15 BH K i BE A B F 42 i
TR R, JFBG N T R KR, Hod,
i FF b IR A HH A VR T BE Ry 2€ 1 . PBC J& +HEVA T
TR B L A — A AL, PR R
AR fE, 4 4b¥E PBC H £ I k. NPK>NPK+RS=
NPK+RA=CK, ijd B 917t o A6 A 7] 7E — o R BE 1
R TIEHHE e WS ARRE (-AG)

RSN HIERW TS 5 R TR
A AT A REAR , FAF A R Y
PR B i B, LR TR e s A T ) WA P
W, VEYIWER B #K . NPK+RS Al NPK+RA 4b
FE-AG % CK 35 &A% 14.83%F1 15.13%, %8 NPK
Iy BIREAR 3.94%H1 4.27% , Vi WAFE FF Kz Hpe Ik K
i FH R R A 4 0 B0 10 TR B M B, A R AR X
BRI R . gE B, KA ek QT
LS, BT HERNA SRR, U ER
JE R ER R AL R I FLRS AT S R KA R ite £k
25 T it AR A

*8 AREIMEAAIELIEFE Q/1 HEFHESE

Table 8 Soil potassium Q/I relationship parameters under different fertilization treatments

ab 3 ARx107/ K/ ~AKy/ K/ PBCY/ -AG/
Treatment (mol-L") (cmol'kg™") (cmol'kg™") (cmol'kg!)  [emolkg'/ (molL™") ' (kI'mol™)

CK 0.97 0.12 0.06 0.06 65.85 17.19

NPK 2.13 0.37 0.15 0.22 69.06 15.24
NPK+RS 2.72 0.38 0.18 0.20 66.21 14.64
NPK+RA 2.78 0.41 0.18 0.23 66.12 14.59

TE: ARo, #THIIEE N, Ko, WM -AKy, AEGHWMAH; K, THBRHESH,; PBCY, MBEZAR; -AG, KM

Ca” +Mg> &4 [ HfiE. Note: AR,y, Equilibrium activity ratio of K; K, Labile K; —~AK,, Non-specifically adsorbed K; K, Specifically
adsorbed K; PBCX, Potential buffering capacity of K; —AG, Exchange free energy between K' and ( Ca®*+Mg*") .

3 W ®
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) JE A it P
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